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ABSTRACT

Emission spectrograms with 0.2 Angstrom reaolution have L en recorded for shock-
heated air, oxygen, nitrogen, and nitrous oxide for temperatures fiom 6,000 to
12,000 degrees Kelvin and densities from 0.1 to 3.3 normal. The beta and gamma
band systems of nitrous oxide were not observed in these spectra, leading to the
conclusion that Bethke's f-values are at least a factor of two too high. A
SACHA peak-to-minimum fit to the experimental profile of singly ionized molec-
ular nitrogen 3P14 Angstrom band head was found for a Lorentz line width of 1.9
per centimeters for the condition of 9,500 degrees Kelvin and 0.1.5 normal
density in pure nitrogen. An uiper limit for the molecular oxygen-atomic oxygen
collision cross section of less than or equal to 2 x 10-14 square centimeters
has been obtL.ned from analysis of oxygen Schumann-Runge emission lines for the
condition of 8,400 degrees Kelvin and 0.3 normal density, Absolute intensiiy
measurements of nitrogen continuum radiation in the molecular regime below
12,000 degrees Kelvin have failed to show the intensity predicted by Boldt's
negatively charged atomic nitrogen photodetachment cross section. The addition
of lithium oxide to shocks in oxygen has failed to show any real evidence of
the negatively charged atoric oxygen photoelectric edge at 3,600 Angstroms.
However, SACHA experimental analyses of the oxygen Schumann-Runge rotational
lines at 3,400 Angstroms has yielded some quantitative evidence of the existence
of an edge underlying the molecular oxygen rotational line.
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1. IMMDOMON

In recent years a great deal of effort has gone into the theoretical

and experimental determination of the spectral absorption coefficient of

heated air (Refs. 1-15). This is an important problem since the transport

of radiation through the atmosphere, as well as the emission from heated

samples of the atmosphere, detends prinaril7 upon the absorption coefficient.

It is also a very complicated and difficult prcbicm because of the

large number of processes and interactions that occur in a heated atmosphere.

Radiation transport codes (Refs. 14, 15) are under development vhose success

will depend critically upon the availability of accurate and detailed

values of the absorption coefficient of air. There has been a progressive

improvement in the accuracy of both the measurements and the calculations

such that it 's now appropriate to carry out comparisons to reinforce the

validity of each approach and/or to uncover omissions or undiscovered

errors.

In the molecular regime below 15,0000 K, the problems may be divided

into two reasonably distinct areas: (a) the problem of line absorption

by discrete transitions, and (b) the problem of continuum absorption by

continuum processes. The problem of rotational line vidths and shapes is

a very difficult and important problem. Die to overlapping of lines and

splittilng of rotational levels it is not possible to examine experimentally

the shape or to measure the intensity of an individual rotational line.

It is not yet possible to theoretically compate molecular wave functions

and parometers with anywhere near the accuracy of the atomic calculations.

Therefore, in the case of molecular structure appeal must be made to

experimental results and a semi-empirical theoretical formulation based on

experimental results. Radiation from continuum processes has no strong

identifiable features such as the discrete spectrum. The experimentalist

can measure only the total spectral intensity from all continuum 
processes.

In the case of heated nitrogen there is an appreciable continuum 
contri-

bution to the opacity for the range of thermodynamic conditions for which

the visible spectrum is covered by a blanket of rotational lines. In

blne3. oainl ie.I



order to separate the continuum contribution from the discrete the ex-

perimentalIist must rely on the accuracy of air transport codes such as

the SAEHA Code (Spectral Absorption Coefficient for Heated Air) (Ref. I4)

to compute the Line contribution. The accuracy of the computed line

intensity is dependent on that of the experimental transition probabilities

used in the calculation. Three or possibly four continuum processes may

contribute to the total continuum intensity including recombination,

photodetachment and free-free energy transitions of the electron in the

field of the positive ion and neutral atom. The relative contributions

of these to the continuum intensity vary in a complicated way with tem-

perature and density. Thus, the experimentalist must attempt to isolate

or enhance one process by varying thermodynamic conditions or by addition

of impurities. This has been the approach used in this work.

The work reported here is part of a continuing program to determine

the basic radiative properties of' high-temperature air species. The con-

ventional shock tube provides a means to determine transition probabilities,

rotational line shapes, and photoelectric and photodetachment cross

sections for the conditions of temperature and plasma densities encountered

in actual problems where radiative transfer is important. Optically thin

pathlengths in the centers of the emission lines in the molecular band

systems are achieved by working at higher temperatures where the emissivity

is reduced by fall off in the density of the molecule due to dissociation.

A distinct advantage in rotational line profile studies of working in the

high-temperature, emission regime is that the half-widths of the coUision-

broadened rotational lines are several tenths of an Angstrom, and thus

amenable to study with spectrographs such as the f/3.5 Meinel spectrograph

(Ref. 16) having a medium-high wavelength resolution (0.2 1) and sufficient

light-gathering power to record the equilibrium spectral time history.

The IM SACHA code has been set up to compute the spectral absorption

and emission coefficients of heated air over the frequency interval and

temperature range where electronic transitions in diatomic molecules

are important. With the aid of experimentally determined constants, thc

spectra of six band systems have been reconstructed theoretically. These
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spectra and the corresponding line intensities have been preserved in the

form of a menetic tape atlas. The SAM program can be used tv compute

the detailed rotational-line intensity envelope in selected frequeroj

bandpasses for any specified temperature, density and pathlength in

heated air. The code uses a Lorentz line shape with a variable half-

width input. It has been used to compute the integrated or average

absorption coefficient for a given frequency interval to within a con-

stant input factor, the f-number for the specie. Since the f-number

enters the absorption coefficient calculations of each band system as

a constant factor, errors introduced into the absorption coefficient

calculation by incorrect electronic oscillator strengths can be eliminated

by simple scaling. By the same token it is relatively simple to check

on the validity of the input f-numbers by comparison of the calculated

spectral intensity with the experimentally determined quantities, i.e.,

either the integrated intensity from a photomultiplier measurement in

a narrow vaveleqgth bandpass or the detailed intensity envelope displayed

in a high-resolution spectrogram for the shock-heated equilibrium gas

sample. By the latter comparison it is possible to determine the half-

width of the rotational lines by variation of half-width input into the

calculation until a fit is found to the experimental intensity profile.

Further it is possible to determine the intensity contribution of the

continuum in two ways: by subtraction of the calculated line contribution

from the measured line-plus-continuum intensity, and by a newly developed

technique of normalizing the detailed experimental spectral intensity

profile to the calculated rotational line intensity envelope. This report

describes how these techniques have been applied to selected spectral reg.

for high temperature air and its main constituents to check the consistenNY

of our knowledge of the oscillator strengths for both discrete and con-

tinuum transitions which are important in air opacity.
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2. 8UOIARY,

Ift the low-temperature molecular emissior regime for heated equilibrium

air between 5000K and 12,0000 K at near normal density the discrete

rotational-vibrational band spectra for each of six electronic transi-

tions in diatomic molecules are expected to appear in a calculable sequence,

to blanket specific broad spectral ranges, and then to fade in intensity

due to dissociation of the specie as the temperature is increased. The

magnitude of the spectral line intensity at a given wavelength for a given

r.!ecular specie can in theory be calculated to within the accuracy of a

constant factor called the f-value, or the oscillator strength for the

transition. The f-values are experimentally determined quantities based

on measured absorption or emission of spectral radiation by shock-heated

ps samples (Refs. 3, 4, 6, 7, and 8) or arcrheated gas samples (Refs. 9,

10, 11, and 12), or inferred from the measurements of the mean lifetime

of the upper electronic state for the transition using a pulsed electric

discharge source (Ref. 13). These experiments are complex and significant

errors can creep into individual f-values reported. When one employs these

various f-values in an opacity code such as the LMSC SACHA program to pre-I
diet the combined spectral intensity envelopes in selected spectral regions

for a range of thermodynamic conditions in heated air, agreement with the

experimental data my not be found in the sequence of appearance and disap-

pearance for the lines of the various band systems. The truth lies in

the spectral data. If inconsistencies with the calculated spectral in-

tenities are found then it becomes necessary to re-examine the f-values

employed in the calculations for the individual band systems. It is

necessary to compare for the absolute magnitude and the relative magnitude

of the intensity of the lines of one band system with respect to those

of another.

The work described in this report represents the first attempt to be

made to apply such leverage to the air opacity problem in the molecular

regime. It requires the combination of two ingredients which have only



lately become available for such survey work: the I*W SACqA opacity

code (Ref. 14) and the Meinel spectrograph (Ref. 16 and Sec. 3b) which

has high wavelength resolution (0.2 R)and the light gathering power (/3.5)

required to record the equilibrium shock spectra of these band systems

(Refs. 4 and 5). We have also applied this leverage to the study of

rotational line profiles (Sec. 5) and to the determination of the shape

and magnitude of the spectral continuum intensity underlying the nitrngen

band systems (Sec. 6), and to the shape and magnitude of the 0- continuum

under the 02 (S-R) band systems (See. 7), the results of which are discussed

in the following paragraphs.

Y The transition probabilities for the six molecular rotational-

vibrational band systems of interest in the opacity of heated air have

come under scrutiny in the comparisons of the detailed rotational line

intensity envelopes observed in high-resolution, emission spectrograms of

shock-heated 02, N2 , air, and NO, with the spectral intensity calculated

by the LMSC SACHA code using various experimental f-values found in the

literature. Rperimental measurements of the averaged line-plus-continuum

intensity for shock-heated N2 in the molecular regime for nine narrow

wavelength bandpasses covering the wavelength range from 3371 1 to 6050

have yielded quantitative checks on the transition probabilities of the

N. Second Positive and First Positive transitions and for the N2
+ First

Negative system. Failure to observe the NO0 and NO bands and the N2

First Positive bands in the high resolution spectrograms as predicted by

the SAMA calculations alows the placement of an upper limit on the

oscillator strengths for these transitions. The results of these compari-

sons are shown in the last column of Table 1, in which are also listed the

f-values used in the present BACAH code and the f-values used by Breene

and Nardone (Ref. 15) in their opacity calculations. The references to

the experimental work from which the f-values were taken are given in

the parentheses to the right of each entry.
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Table 1
f-VALUES FOR THE SIX MOLWCIAR TRANSIONS

OF IIN T IN AIR OPAOM'Y
saent

S"MA This Work
System Transition Breene-Nardone f-Values f-Values

2 (1-) BU+ - XZ + 0.035 (13) 0.0348 (13,o4) 0.035 (4)

N2 (2+) cn - B3! 0.038 (13) 0.07 (1) 0.04o

N2  (1+) B3!!5 - A02u+  0.025 (7) 0.0e (1) 0.003

02 (s-1) Au" - X9 o.63 (10) o.o48 (6) o.o48

N0P B~f - X21 0.0015 (9) 0.008 (8) ,i.ooo8

NOT A2UE - X211! 0.0024 (9) 0.0025 (8) a).0013

The f-value of 0.0348 for the N2+(I-) transition Inferred from the Bennett

Dalby measurements of the mean lifetime for the excited state (Ref. 13) and

used in both the SACHA and the Breene and Nardone calculations has been

confirmed by the work reported as well as by an extensive set of shock

tube studies reported prtviously by Buttrey and Gibson (Ref. 4). The only

check we have made on the Treanor-Wurster f-value of 0.048 for the 02 (S-R)

systems in this work is by comparison of 02 (S-R) line intensity with the

N2 (2+) line intensity. The Treanor-Watixer f-value of 0.048 has been

used in detailed SACRA calculations of the spectral intensity envelopes

for 02 and for air reported here and, in general, the spectral intensity

magnitudes predicted by its use do not seem amiss. In the intensity

comparison arguments of the appearance with therodynamic condition of

one radiating specie versus others in the recorded spectra for air, a

norm has to be chosen and the 02 (S-R) system with the Treanor.Wurster

f-value of 0.048 is as good achoice as any.

A powerful technique has been developed for the determination of

rotational line shapes and widths in the high-temperature molecular endssion

regime which promises to overcome to a large degree the problems of split-

ting of the rotational levels and overlapping of line profiles. Calculations

6



of the detailed intensity profile for selected clumps of rotational lines

using the SAGHA code with a variable line width input to a Lorentz shape

are made for a range of half-widths until a fit to the high-resolution

experimental shape is found for a given thermodynamic condition. The

fitting of the calculated envelope is made on both a half-width basis

and a peak-to-minimim intensity argument. A remarkable fit of the

calculated with the experimental intensity envelope was found for the

N2
+ First Negative 3914 1 (0,0) band head region for the condition in

shock-heated nitrogen of 95060K and 0.125 p 0 for the Lorentz line width

of 1.9 cm , Concentrations for this condition were N 1.81 x 1015;
1.N18 +3

N2, 6.12 x 1017; N, 6.9 x l1 ; and N+ and e, 3.45 x 10 particles per

cm3. A similar ana1ysis of the 02 Schumann-Runge (0,14) line grouping

at 3400 9 yielded a line width of 6 cm- for the condition of 8500°K and

0.33 Po, which line width gavc an 02 - 0 optical collision cross section

of 5 2 x 0 cm2 This value of the cross section is subject to change

in the future when discrepancies in the rotational line frequency posi-

tions are cleared up in the SACHA calculations. This preliminary value

is in basic agreement, however, with previous 
values of 0.78 x 10 cm2

obtained by Treanor-Warster, (Ref. 6' and of < 10- m obtained by

Krindch-SobelevJnitski (Ref. 17).

Absolute intensity measurements of the line-plus-continuum radiation

in shock-heated nitrogen below 12,000
0K and at 0.124 p0 show that Boldt's

N-photodetacbment cross sections (Ref. 12) of P l6 cm2 are many times

too large, if indeed this negative ion is formed at all in the excited

stdte. Neglecting N" and assuming Karzas and Latter's cross sections

(Ref. 18) for the free-free radiation of the electron in the field of

the positive ion, the analysis of our date for 10,5009K yields nitrogen

recombination cross sections varying from 6.2x 10 2 cm to P.6 x 10-22 cm

between 2 eV and 4 eV.

Attempts to enhance and to observe the photoelectric edge of the

0 continuum at 3600 R by the addition of small amounts of Li20 into

shock waves in oxygen are inconclusive. The expected change in the slope



________________ ~3, ,.1--

of tde background continuum intensity under the 02 Schumann-Runge emission

spectrum as compared to that observed for shocks in pure oxygen did not

occur. However, some evidence of the existence of an edge in this wave-

length region resulted from the experimental-SACHA study of the 02
Schumann-Runge rotational lines at 3400 R combined with absolute intersity

measurements of line-plus-continuum radiation for shocks in pure oxygen.

Our measured intensities for shock-heated 02 at 84000 K and 0.33 po are in

basic agreement with the 0- continuum intensities predicted by Branscmb' s

0 photodetachment cross sections and the equilibrium concentration of

0- from shock calculations using Branscomb' s value of 1.46 eV for the

electron affinity of atomic oxygen.

i8I
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3. INSTRUMENTATION

a. Shock Tube

The shock tube used in these experiments is a conventional shock tube

made of stainless steel with a 3-inch inside diameter. Figure 1 is a

schematic diagram of the shock tube arrangement. The driver section is

30 feet long and is equipped with Auburn SL spark plugs and choke coils

to ignite the combustible gas mixture. The gas mixture that was used was

10 percent 02, 20 percent H2 , and 70 percent He measured in terms of

pressure, with total pressures before ignition between 300 and 400 psi.

Stainless steel diaphragms were scribed with plus marks (+) of sufficient

depth to allow the diaphragms to break when the pressure reached 1800 to

2000 psi after ignition. Barium titanate crystals were used as pressure
sensors to measure the time per foot for passage of the incident shock

front and scope-counter techniques were used for recording. Quartz windows

were flush-mounted in the sides of the shock tube at the reflecting wall

for viewing the radiation from the reflected shock. The reflecting wall
was 23 feet from the diaphragm. The radiation from a thin rectangular
slab of gas parallel to, and 3-5 m= from, the reflecting wall was viewed

with three different spectrographs. The path length in the gas was 7.3 cm

defined by the inside diameter of the shock tube.

To clean the shock tube a honing procedure vas used to remove the

copper and copper oxides deposited on the inside wall of the shock tube

from previous usage of coppe: diaphragms and combustion driving. Acetone

swabs were used for final clearing. The silicone grease was used spar-

ingly on the O-ring seals at each tube joint and at each window. Follow-

ing each shot the combustion products were immediately removed, the tube was

cleaned with the acetone swabs, and the quartz windows in the test section

were replaced with new ones. Liquid nitrogen cold traps or acetone-

and-dry ice traps were used on the vacuum forepump and diffusion pump

and also on the mercury manometer. Before use of the rigorous cleaning

procedure, the CN Violet bands were seen foi shots in pure nitrogen

along with many other unidentified impurity lines.

9
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b. Meine! Spectrograph

The Meinel Grating Spectrograph, shown in Fig. 2 (Ref. 16), was used

to record reflected shock spectra with high wavelength resolution to get

rotational line profiles. This spectrograph is unique in that it com-

bines an effective geometrical aperture of f/3.-5 with medium-high wavelength

resolution of 0.2 X in the second-order spectrum. The important optical

component in this all-mirror instrument is a Schmidt corrector mirror,

which corrects for the aberrations of the collimator mirror as well as

those of the 21-inch camera mirror. Time resolution was achieved by a

fast mechanical shutter that was placed at the entrance slit. It was

triggered by the first radiation from the reflected shock by means of a

photomultiplier placed inside the spectrograph. The shutter closed before

the onset of nonequilibrium conditions in the field of view, allowing a

spectral exposure time of 20 + 5 psec.

c. JACO 1.5-Meter Quantometer

Absolute intensity measurements were made with a JACO 1.5 meter grating

spectrograph, Fig. 3, modified for use as a multi-channel quantometer by

placing slits in the spectral focal plane. Radiation from selected wave-

length bandpasses was received by photomultipliers mounted behind the focal

plane. The output voltages of the photomultipliers were recorded on

oscilloscopes which were triggered by one of the pressure gages. The voltage

outputs from the photomultipliers were converted to absolute intensity units

by comparison with the voltages rectrded when a tungsten ribbon filament lamp

of measured brightness temperature and known spectral emissivity was put

effectively in the position of the shock tube side window. The radiation

from the shock-heated gas was reduced by placing a rhodium neutral density

filter at the entrance slit of the spectrograph. This was done to avoid

non-linearity effects, i.e., to make the voltage outputs from the heated gas

comparable in magnitude to relatively low voltage signals recorded for the

standard lamp in the absence of the filter. RCA IP28 and RCA IP21 photo-

multipliers were used to record the radiation from the wavelength bandpasses

at the spectral plane of zhe JACO Quantometer. A regulated dc power supply

(John Fluke Model h02) was used to supply the voltage to each dynode. A

11
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differential voltmeter was used to measure the voltage to an accuracy of

less than one volt in 1200 volts prior to each shot and prior to each

intensity calibration with the standard lamp. Capacitors were placed

across each stage to insure linearity in current drawn for as long as

200 psec. A 10-kohm load resistor was used between the last dynode and

ground. The voltage across this resistor was measured with Tektronix

oscilloscopes. The effective RC time constant of the combination as used

allowed a time resolution of less than 0.1 psec. All voltages recorded

were maintained less than 5 volts across the load resistor in order to

prevent saturation effects.

Table 2 lists the wavelengths of the photomultiplier bandpasses used

to make the absolute line-plus-continuum intensity measurements in the

nitrogen continuum studies, Section 6. The 70 p slit size used on the

JACO 1.5-m Quantometer allowed a 0.1 1 resolution at the spectral focal

plane; thus .no slit function correction had to be applied to the measured

intensities due to wavelength "smearing" across the bandpass. The positioning

of the slits in the focal plane was achieved with much better precision than

the wavelength spacing between rotational lines of t 0.58 1, as evidenced by

spectrograms of the N2 Geissler tube taken ith the slits in position,

Table 2

WAVELENGT HS OF PHOTOMULTIPLIER BANDASSES

N2 CONTINUUM MFWRMEVMS

x CR))
3362.4 - 3375.9 13.50

3414.7 - 3428.1 13.40

3898.8 - 3922.2 23.40

4oo5.8 - 4o16.9 11.10

4710.5 - 4723.8 11.30

4997.0 - 5017.0 20.00

5309.4 - 5323.3 13.90

5655.0 - 5675.0 20.00

6069.o - 6097.0 28.00

14



d. Gaertner Time-Resolved Spectrograph

A low-resolution streak spectrograph was made by combining a Gaertner

constant-deviation, glass-prism spectrograph, Serial No. 205AW, with a

Beckman Whitley drum camera, Model 224, as shown in Fig. 4. This com-

bination had an effective aperture of f1lO, which was sufficient to

record the rotational-vibrational b&nd systems of interest with 2 Asec

time of exposure of I-F and I..N emulsions. The 2 jisec time resolution

was achieved in the spectral time history of the reflected shock. Time

resolution in streaked spectra is defined as the time required for the

film to move the height of the slit image at the emulsion. The maximum

speed of the film was 1/8 mm per psec, which allowed for a total, continuous

time coverage of 10 - 2 sec. The whole wavelength range accessible with

glass optics could be covered with three different settings of the wave-

length drum of the spectrograph. This instrument was found to be ex-

tremely useful in monitoring the time history of the Stark-broadened

hydrogen lines (Refs. 3, i) and in the determination of relative intensity

with wavelength between 3900 1 and 7000 1. The intensity of radiation

from the incident shock was not high enough to be recorded by this

spectrograph.

15
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4. M14ISSION STUDIES OF THE NO8 AND NOy SYSTEMS

a. Spectroscopic Background

NO is expected to be produced and to radiate in heated air in the tem-

perature range 6000*K to 9000*K and between 10 and 10 - 3 normal density.

The N00 system, B2l to X2n , 5200 X to 2000 X, and the NOy system, A2E+ to

X 11g, 3000 X to 2000 X, are included as important radiators in the SACHA code

(Ref. 14) and other air opacity tables (Refs. 1, 15). However, neither band

system has been recorded in an identifiable way experimentally in either emis-

sion or absorption by heated air samples. Keck, et al. (Ref. 7) obtained

the experimenta- f-values of 0.006 and 0.0025 for the NOP and NOr systems,

respectively, by subtracting computed intensities of other radiating air

species from the total measured spectral intensities in selected wave-

length bandpasses and assigning the remaining intensity to NO3 and NOt.

The validity of this technique is doubtful. The voltage signal across the

load resistor of a photomultiplier can have a limited value unless positive

identification of the band systems contributing to that signal is made for

recorded spectrograms for the equilibrium gas sample. Bethke (Ref. 9)

obtained the f-values of 0.0015 and 0.0022 for the NOS and y- systems,

respectively. Meyerott, et al. (Ref. 1) and Churchill, et al. (Ref. 14)

used the NOQ and y f-values of 0.008 and 0.0025, respectively.

In order to resolve the questions surrounding these molecular band

systems of NO the LMSC SACHA code has been used to calculate the detailed

spectral emissivity for the 7.3 cm pathlength available in the shock-tube

emission studies (Sec. 4b). The NO systems are expected to dominate the

emission spectra (5000 X to 2000 R) of heated air for the thermodynamic

conditions of 5000°IK to 80000 K and normal density (Refs. 1 and 15). The

NO systems are expected to be superimposed on the 02 Schumann-Runge

emission spectrum in the range from 50000K to 70000 K and above 70000 K on

the N2 Second Positive spectrum. Since it has been possible to record

the emission spectra of the 02(S-R) systems and of the N2 (2+) systems in

high resolution spectrograms of reflected shocks in pure oxygen and in

pure nitrogen, respectively (Refs. 4 and 5), it is reasonable to expect

to observe additional lines attributable to NOP and y systems for shocks

in air and in shocks in NO if indeed any of these f-values is valid.

17



b. SACHA Calculations. NO Study

(1) Air at 6450oK and 0.74 po

The f-values of 0.0080 and 0.0025 for the NM0 and r systems are

presently being used in the LMSC SACJA code. Figure 5 shows the SACHA

calculation using these f-values of the detailed spectral emissivity for

a 7.3 cm pathlength for the condition of 64500 K and 0.74 normal density

in heated air for which experimental data have been obtained. The frequency

ranges of 29,550 cm" I to 29,T(0 cm° I and 3384 R to 3360 1 were selected

because the NO" and y lines which blanket the spectral range in a simi.ar

manner to the 02(8-R) lines, i.e., do not "head-up" for easy identification,

can be compared with the well-known, characteristic structure of the N2 (2+)

3371 R (0.0) band (29,665 cm l to higher frequencies) expected to be rela-

tively weak for this condition. Among several other v' ,v" transitions of

the 02 (S-R) systems the strong 3370 k (0,14) system (29,674 cm-1 to lower

frequencies) is expected to contribute in this frequency range. The

middle curve shows the SACHA calculation for the separate NO contribution

to the spectral emissivity for this condition which ranges in general from

0.025 to 0.09 in this bandpasso The top curve is a calculation for the

combined contributions of the 02 (S-R) and the NO (0, y) systems for which

the total emissivity ranges from 0.035 to 0.12. The important thing to

notice is that the general structure of the 02 - NO emission is dominated

by the NO structure (middle curve) when the f-values of 0.0080 and 0.0025

are used for the NO3 and T systems respectively. The same is true for the

lower curve which adds the N2(2+) systems to the 02 - NO systems. The strong

N2(2+) 3371 R (0,0) band head at 29,665 cm does not show above the NO

structure in the lower curve, even though a slight increase in the emis-

sivity over that for the 02 - NO (upper curve) is to be noted for the

frequency range 29,665 cm-1 to 2%770 cm 
l . In all of these calculations

-1
a Lorentz profile with a total width at half maximum of 2c = 6 cm was

used.

Figure 6 shows similar SACHA calculations for the same frequency 
region

using Bethke's f-values of 0.0015 and 0.0022 for the NO and y systems for

the same heated-air condition of 6450 0 K and 0.74 nonmal density. The top

18
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curve (a) is for the emissivity contribution for NO which is essentially

the middle curve of Fig. 5(b) reduced by a factor of one-fifth, i.e., the

ratio of the NO(O) f-value of Bethke to that of 0.008. Curve (b) Fig. 6,

is for the combined 02 - N2 - NO contributions, curve (c) is for the 02 - N2

contributions, and cu-re (d) is for the N2 contribution only. Comparison

of these four curves shows that the 02(S-R) system should dominate the

detailed structure of the spectral emissivity for frequencies in this

range below 29,665 cm "I and above this frequency the orderly structure of

the N2(2+)(O,0) systemcurve (d),is disturbed by the 02 S-R system curve (c).

Detailed examination of the structure in curve (b) for the air mixture,

i.e., the additive combination of curves (a) for ND and (c) for 02 and N,,

shows some influence attributable to NO. This influence of NO structure

can be considerably enhanced by plotting the emissivity on a log scale

similar to that displayed In a densitometer trace of an experimental

spectrogram.

It can be generally concluded from the SACHA calculations in Figs. 5

and 6 that the NO structure should dominate the spectral emissivity of

air at 6450 0K and 0.74 normal density if the NO f-value of 0.008 is correct,

Fig. 5, and that the NO structure should be an observable in high resolu-

tion spectrograms if the NO and y- f-values are as high as those of Bethke,

Fig. 6.

(2) Air at 76200 K and 0.85 po

For the condition of 76200 K and 0.85 po in heated sAr the N2 (2+)

systems are expected to be considerably stronger in intensity than shown

for the 6450 0 K condition just discussed, and the 02 S-R system are ex-

pected to have reduced intensity due to dissociation of the 
specie.

Figure 7 shows SACHA calculations of spectral emissivity for the air

mixture curve and for the contribution to that curve made by NO (mostly

NOO) using an f-value of 0.008 for the NO system in both calculations. The

NO structure can be seen to dominate the structure to the left of the

strong N2(2+)(0,0) band head and to inf)uence 
the orderly structure of

this N2(2+)band system to the right 
(higher frequencies) of the N2(2+)

band head.

21
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Figure 8 shows similar SACHA calculations of spectral emissivity

for the air at 76200K and 0.85 p., curve (c), and its contributing com-

ponents, curve (a), (b), and (d) using Bethke's f-values. The NO emis-

sivity contributior, curve (d), in this case is about one-third to one-

half the total shown in the slectral region to the left of the strong

N2(2+) 3371 R (0,O) band. Therefore, the NO-line contribution should

be observable in this spectral region in the high-resolution air spectro-

grain for this condition if the NO f-values are in fact as great as

Bethke's values. The 02 S-R lines should be observable though weak as

seen in the comparison of the N2 e.issivity curve (a) with the 02 - N2

emissivity curve (b).
c. _Experimental SACI-Cparison O Study

(1) Meinel Spectrograms for Shock-Heated 02, Air, and N2

Figure 9 shows portions of second-order Meinel spectrograms for

shock heated 02, air and N2  in two sections covering the spectral range

from 3577 R to 260 R. The low-temperature N2 Geissler tube electric

discharge spectrum is included as a wavelength standard showing the second-

order N2 (2+) spectrum, top, and the first-order N2(l+) spectrum 
on the

very bottom. Th1e spectrum for 0 at 62500K and po is the 02 Schumann-

Runge emission spectrum below which is the remarkably similar spectrogram

for equilibrium air at 64500K and 0.74 po. The next spectrum below is

for air at 7620°K and 0.85 po which is to be compared with N2(2+)spectrum

for N2 at 9500
0K and 0.124 po. These two spectra were recorded on

Eastman-Kodak 1-F emulsion which is sensitive up to 6700 R and, since no

filters were used to sort the first and second orders, the N2 (l+), 
systems

identified in the N2 STD (very botton should be visible, if important,

superimposed on the second order N2(2+) spectum below 3300 R. This

should be true for both the N2 (95C0°K) and the 7620
0K air spectra. The

only weak indication of N2(l+) system is for the first-order wavelength

6788 R indicated by two dots (..). Thus, these spectra show that the

N2(l+) system, as well as the NO 0 and 
y' systems, are relatively unimpor-

tant radiators for these thermodynamic conditions, 
as compared to theSN+( hrae)te2(+,adhe0(S-R)

N2 (i-) (not shown in this wavelength range) he N2(2+), and the 02

systems. Selected portions of spectra such as &hese for air, pure 02 
and

pure N2 have been chosen for detailed comparisons of rotational-line

intensity envelopes in an effort to resolve the questions surrounding

23
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the Noe, and NOy transitions, and apparently the N2 (l+) transition, and

for the purpose of determination of rotational line profilek; discussed

In Section 5 of this report.

(2) Air Data for 6450 0 K and 0.74 po

Figure 10 shows the results of two detailed SACHA calculations

of the spectral emissivity per 7.3 cm pathiength for heated air at 6450°K

and 0.74 c0 for the wavelength range of 3425 a to 3395 R (29,197 cm
- 1 to

29455 cm- ) using the JO(p) f-values of 0.008 and 0.0015 for curves (a)

and (b), respectively. These curves are to be compared with the densitometer

trace for the same waveength region of the Meinel spectrogram for shock-

heatea air at 64500K and 0.7
h Pc, curve (c), arid with the 02 - S-R emission

spectrogrxn, crve (d), for a shock in pure oxygen for -the reflected shock

condition of 5450°K and 1.2 pc. The tick marks on the lower abscissa

scale Indicate the wavelength identifications of the rotation-line structure

for the o S-R system curve (d), in terms of the vibration transitions

(vt ,v") to which they belong shown at lower righthand corner of the figure.

The wavelength scale is the same for a.Li four curves. The magnitude of

the ordinates or the densitometer traces are neither comparable with each

other nor with the absolute emissivity scale, upper left, as calculated by

the SACiHA code. The figure was set up for the main purpose of showing the

results of attempts to observe the NO lines in the air data, curve (c).

As uis issed above, the NO structure dominates the SACHA calculations for air at

l 5K wher tne VD08 f-value for NQO is used, Fig. 5(c) and Fig. la), and

should be of comparable intensity to the 02 S-R lines when Bethke' s f-values

-r .se,, i,. the air calcu stlorn, Fig.10(b) and Fig. 6(a) and (c). Comparison

2:" the tw, iesitoneter traces for air and the 02-(S-R) in Fig. 10(c) and (d),

reckpeti' ely, shows chat tne overall look and relative magnitude of the

r t&, lza. structure of the two exlerimental traces are alike and that

w, i -" i %e -r two exrept-Aouns a- peais in he air data, curve (c),have

rr r:'[, :~ eaKs i. the <, S-R it, irve (d). The exceptions, i.e.,

. :I ,:e tser',& "> tre %.r lata bt riot In the 02 data, indicated

'".' th " lat, ,'. -or.eivabiy IQ ,,ounted for In

, t .i.,aL temperature A!stributons for scP

- ..... ~. " ' 5ave bee', -bserve": ' i.nparlsn of

. -' * er' J' . " "~ * 'i.A * ,r D ;re oxyger.
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The two exceptions are not sufficient in number to indicate that the NOP

and y lines are actually contributing appreciably if any to the rotational

line structure for this condition in heated air. Further these results

would indicate that Bethke's f-value for the NOP system of 0.0015 expected

to rake the main NO contribution in this wavelength range is at least

a factor of two too high, i.e., an upper limit of 0.0008 for the NO

f-value can be set on the basis of our failure to observe the NO lines

in this comparison. Careful visual examination of these same data for

air and 02 for the range of the Meinel plates from 5000 R to 2400 ,

Fig. 9, revealed no lines attributable to either the NOp or NOr systems,

indicating that Bethke's f-value of 0.0022 for the NOT system is also

too high.

(3) Air Data for 76200K and 0.85 p0

Figure 11 shows a comparison of the SACHA calculations of the

emissivity per 7.3 cm of pathlength with two diff-rent NO f-values,

0.008 and 0.0015, curves (a) and (b), respectively, for the heated air

condition of 7620oK and 0.85 p0 in the wavelength region of the N2 (2+)

3371 R (0,0) band head. Curve (c) shows the densitometer trace of the

Meinel spectrogram for shock-heated air for 7620
0K and 0.85 po. Curve (d)

is the densitometer trace for this wavelength region for the reflected

shock condition in prepurified nitrogen of 9500°K and 0.124 po. The dis-

ruption in the normally orderly appearance of the N2(2+) structure is

around 3360 % curve (d), caused by the broad diffuse band head of the NH

(0,0) band erratically observed in shocks in N2 caused by either a

failure to close the Meinel shutter before the hydrogen in the combustion

driver gases appeared in the field of view of the spectrograph or possibly

by a small hydrogen gas impurity that is always present in the Matheson

prepurified nitrogen. The appearance of the NH head in curve (d) makes

it necessary to make the comparison with the air data in the wavelength

region 3355 R to 3345 R to the right of the NH. All the lines in the

experimental air data, curve (c), can be attributed to N2(2+) lines seen

in curve (d) for N2 data. Comparison of the experimental air data (c)

with the SACHA calculations (a) and (b) does not show the NO structure,

curve (a), which perturbs the orderly N2(2+) "plcket-fence" appearance.

This NO structure is still apparent in SACHA curve (b) but does not

appear ini tne experimental air data, curve kc).
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d. Conclusions, NO Study

The same conclusions regarding NO emission can be drawn for the

heated air condition of 76200 K and 0.85 P9 as drawn for the air at

6450K and 0.74 Po, namely, that the NO 0 f-value of 0.008 pres-

ently used in the SACHA code is at least an order of magnitude too large

and should be revised downward accordingly. The f-value of 0.0025 for

the NO , system is probably too high because of our failure to positively

identify its structure in the air data below 3000 1. The accuracy of

these SACHA-experimental comparisons depend on the accuracy of the f-valucs

of the 02 S-R and the N2 (2+) systems presently used in the SACHA cal-

culations. However, failure to observe the NO 0 and O -r systems in com-

parison of the experimental air spectra with those for pure 02 and N2

for both these conditions is indeed a fact regardless of the relative

f-values of the N2, 02 and NO transitions under study. The spectral data

for shock heated NO looked no different than that for air for the same

temperature-density range. An equilibrated shock-heated NO gas sample

would exhibit the same radiation characteristics as a fifty-fifty mixture

of N2 and 02 at comparable temperatures and densities. Failure to observe

the NO systems in heated air spectra could have been due to failure to form

the calculated NO concentration in the excited states of interest; however,

such is not the case for shocks with NO as the starting gas instead of the

02 and N2 mixtures. It can be concluded from failure to observe any lines

due %o the NO and y systems in the comparisons of these high resolution

spectra that the Bethke f-values of 0.0015 and 0.0022 for NO 0 and y

transitions, respectively, represent upper limits and in all likelihood

are at least a factor of two too high. Since we did not observe the NO

lines we cannot ascribe new values for the oscillator strengths, but it

does appear that NO must be relegated to a position of relative unimportance

as a contributor to air opacity on the basis of these comparisons.
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5. ROTATIONAL LINE SHAPES

(a) Line Widths and Collision Cross Sections

The application of recently developed techniques such as the LMSC

SACHA code for computing the spectral. emissivity of heated air depends

significantly on a knowledge of rotational line profiles. The broadening

of spectral lines of atoms and molecules has been the subject of a number

of thorough reviews during the last decade (Refs. 19, 20, 21, and 22). None

of these reviews has, however, been specifically concerned with the optical

spectra of air molecules. A quantum theoretical calculation of the line

width parameters determining these profiles is in principle possible and will

probably be undertaken eventually. At present the state-of-the-art is not

sufficiently advanced to warrant that approach. One does have, however,

a fai-ly good understanding of the physical causes of line broadening and

there are several theories, valid under diverse conditions, which take

these causes into account. The formulas obtained from these theories have

been found to represent experimental data on atomic lines quite well. The

same formulas with minor modifications apply to those molecular lines

which involve electronic transitions. To begin with, all lines have a

natural width because of the finite duration of radiative processes. Under

conditions of interest to us, this is always overshadowed by other effects.

Another cause of line broadening is the Doppler effect which is well under-

stood and presents no serious problems. Finally there is the broadening

due to collisions with the other particles in the gas and this is where

most of the difficulty arises. Below the temperature range where air

contains enough electrons and ions to cause Stark broadening there is

a host of collisions with neutral particles which give rise to various

types of pressure broadening. The impact theory for line broadening

due to collisions introduces an "optical collision diameter" c from which

one calculates a line width Av

Av = 2 v (1)

where N and v are the density and velocity of the perturbing particles.
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In the equilibrium gas samples of interest here the umber density and

the kinetic velocity of the radiating particles and of the perturbing

particles are calculable quantities, it can be ahown from simple kinetic

theory that the helf-width Av in units -f cm - increases linearly with

collision frequency of the radiating particle. The optical diameters

a 1mol 1mo and Cmol-atum are related to the half-width of a rotational A v

line radiated by a molecular specie in collision with similar molecules

of number density NmI, and with atoms Natom of the dissociated molecule

in gas at equilibrium temperature T by

A v=2a F= ( 2 C? [Nm + Naml at2 (2)
0j TM~f \1 flil-Mol mol aton mci-atom mMato

where a in cm-1 is half the width of the line, c 3 x 1010 cm sec-l,

k is the gas constant = 1.38 x lO "16 erg, deg 1, mmol and matom are the mass

in gm of the radiating molecule and the colliding atom, respectively, and

[No1 ] and [N atom] are the particle concentrations in particles per cm3 of

the molecule and the atom, respectively. The relative magnitude of the first

term in the parentheses involving the molecular concentration can be made

small compared to the second term involving the atom concentration by work-

ing with gas samples with a high degree of dissociation. For such conditions

it is not necessary to know the molecule-molecule collision diameter mol-mol

(first term) and one can ignore the first term and solve directly for -the

molecule-atom collision diameter, amolatom' Once this molecule-atom diam-

eter is known, then it is possible to study rotational emission lines for

gas conditions with lower degrees of dissociation for which the first term in

Eq. (2) becomes important, and thus obtain the molecule-molecule collision

diameter, amol-mo 1 . Such a range of areas of study can be achieved for 02

and N2 by working in the high-temperature, shock-heated molecular-emission

regime, i.e., temperatures greater than 7000°K for high degrees of dissocia-

tion of 02 and N2 and less than 7000 K for lower degrees of dissociation.

The density p5 is determined by the requirement of optically thin gas samples

in the centers of the rotational lines under study and to some extent by

the capabilities of the shock tube in production of these thermodynamic
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conditions and of the Meinel spectrograph, Section 3(b), in recording the

rotational emission spectra with sufficient photographic-plate density.

All of this discussion has assumed that collision broadening of the

rotational levels by rigid-sphere, neutral particles is the dominant

mechanism in the determination of the rotational line shapes, and, indeed,

it appears that it is possible to record the 02 (S-R) and the N2(2+) band

systems for such conditions. However, such is not the case for the V

systems. This molecular ion is only formed in equilibrium in sufficient

quantities to be recorded in emission for conditions where the v
+ and

electron concentrations are greater than about 1016 cm" 3 . 'he simple

kinetic co.1lision theory just expounded undoubtedly does not apply to

the perturbat ion of the rotational leveis of a positive ion by the micro-

fields of the atomic ions and electrons in the surrounding gas.

b. _perimental-SACHA Comparisons of Rotational IntensityEnvelopes

High wavelength resolution (0.2 R) emission spectrograms of molecular

band systems for shock-heated equilibrium oxygen and nitrogen have been

recorded with the Meinel spectrograph Fig. 9, (Refj. 4, 5 and 16). These

high-temperature rotational-vibraional bands exhibit rotational-line

intensity envelopes extending to rotational quantum numbers greater than

J = 120. The N2 First Negative 3914 R (0,0) band recorded for 12,000°K

and one eighth normal density in shock-heated nitrogen has been analyzed

for line frequency position as a function of J value. The first two rota-

tional constants B and F of Child's were confirmed by this analysis and0 0
a new value obtained for the third constant HO for the v' = 0 upper vibra-

tional level by Buttrey and Gibson (Ref. 4). In general, in spectra of

this sort;, it is not oossible to find a single isolated rotational line

whose shape we can Investigate, as was possible, for example, in the case

of the atomic oxygen line at 4368 R whose Stark-broadened profile was found

to fit a Lorentz dispersion shape (Ref. 4). Instead, the determination of

rotational line shapes and widths is complicated by overlapping of lines

in and near the peaks due to splitting of the rotational levels and further

is confused by lines from overlapping branches of the same vibrational

transition as well as by lines from other vibrational transitions. The
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exper.mentalist can deternline a, best the "apparent" half-width of a "clump"

of rotational uines using an intensity leve± for the continuum which must

be chosen arbitrLrily because of overlapping of tne wings of the conglom-

erate of rotational line profiles. Our ber~t knowledge of the line fre-

quency locations and tht splittings of the lines which form the clumps

involves irz:curacies which are comparable to the half-widths of the

individual split components of interest, particularly for the lines of

high rotational quantum numbers exhibi-ed in the high-temperature shock

spectra, In the case of the 02 S-R band systems, lines from at least ten

vibrational transitions (v' ,v") make significant contributions in any

selected 20 k bandpasz, and errors in the relative transition probabilities

as well as line frequency positions play a role in the interpretation

of the Line clumps in terms of the profile of a single line.

In an attempt to solve these problems a series of detailed comparisons

of the experimental spectral intensity in selected wavelength bandpasses

have been made with the detailed rotational line-intensity envelopes cal-

culated with the SACIA IEM 7 094 digital-computer program (Ref. 14) for the

experimental thermodynamic conditions. The SACOM program contains an

atlas of the parameters of the six molecular transitions listed in Table 1

such that it can generate a theoretically predicted rotational-line intensity

envelope in any spectral region from about 100,000 a to 2,0)00 for any

specified thermodynaraic condition of interest in the molecular regime. It

employs a Lorentz line shape with a variable half-width input, the best

experimental f-values for the molecular transitions available at the time

the code vas set up, Table 1, the relative transition probabilities or

Franck-CondQn factors' of Nicholls (Refs. 23, 24 and 25) for each vibrational

transition (v',v"), and the rotational constants from various sources in

the literature for the prediction of the line frequencies. The code

accounts for rotational level splitting due to A doubling in the 
12(2+)

transition, for exnmnple, but does not account for splitting due to electron

spin interactions in the cases of the - +(1 - ) and the C2 (S-R) transitions.

Discrepancies of about one to six wavnumbers in the frequency postin of

rotational lines at Js z 30 have been found with those in frequency stlases

34-



in the published literature for each of these three transitions. This is

not a serious error in most opacity calculations for which the code was

designed, but it is serious in the comparison of detailed rotational-

line-intensity structure with experimental data for the determination of

line shapes and widths. In order to overcome these discrepancies in line

frequencies special SACHA type calculations have been made for the N2+(I-)

system using the published frequencies (Refs. 4 and 26) which also include

frequencies of the split components, resulting in considerably better fit

with the experimental envelope. All attempts to record the emission

spectra of the NOP and NO systems in shock-heated air and in shock-heated

1W failed, Section 4, nor have we observed the N2 First Positive System.

Therefore, of neceEsity .we must limit our discussion and our study of line

shapes to the three rotational vibrational systems observed experimentally

in high-resolution spectrograms, namely, the N2
+ (1-), the N2 (2+) and the

02 S-R systems. The discussion which follows sumarizes the work performed

this past year on each of these three band systems, and the problems encountered,

and it outlines the nature of future efforts in the study of this very

difficult problem of rotational line shapes.

(1) N2+ First Negative System, Rotational Line Shapes

As a first step in overcoming these inadequacies of the SACHA code,

a revised frequency atlas including splitting (Refs. 4 and 26) has been

employed in SACHA calculations of the irtensity structure in a 20 k bandpass

for the strong 3914 9 (0,0) band head of the N2+(1-) system. Calculations

were made using this revised atlas for the lines of this vibrational tran-

sition only for a range of widths in order to compare with the spectral

intensity obteined for the optically thin condition of 9500
0K and 0.124

normal density in shock-heated nitrogen. The comparicon of the calculated

intensity profile for a width at half maximum of 2 cm-
1 with the experimental

data is shown in Fig. 12. The upper curve is the SACHA calculation of the

erissivity for a 7.3 cm pathlength plotted as a function of frequency for

the range 25,525 cm I to 25,625 cm "I for the temperature of 950°PK and an

N2+ concentration of 1.7 x 1015 particles cm
3 . The lowe- curve is a

densitometer trace of the experimental data. Analysis of the experimental
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data using appropriate emulsion calibration curves was made much that the

ratio of the peak intensity to the minimum intensity were determined for

the structure shown, J(P) = 26 to 33 superimposed on J(R) a 0 to 4.

These were compared with similar peak-to-minimum ratios as a function of

half-width calculated with the SACHA code using the revised atlas, the

results of which calculations are shown in Fig. 13. A best-fit to the

experimental data was found for the width at half maximum of 1.9 cm-.

This value is an average of the individual widths for each J-value

obtained by reading the width from the appropriate curve, Fig. 13, for

the experimental peak-to-minimum values. These individual widths thus

obtained are listed in Table 3 for J-values of the P-branch lines

included in each peak or clump of lines. These widths represent

Table 3

REULTS OF EC-A PEAK-TO-NIMM AND AXI-WIDTH

ANAI.YSIS, N2 (1-) 39141 (0,0) BAND HAD

Exper. Pk/Min Widths at Half

J(p) Ratios Maximum (cm1 )

26 2.15 2.46

27 2.67 1.58

28 3.46 2.02

29 2.36 1.68

30 4.20 1.99

31 3.12 1.70

32 4.19 2.14

33 3.24 1.94

the total width of the Lorentz profile at half peak intensity for a single

split rotational line component. The spread of the widths is sufficiently

small that one can conclude that the Lorentz dispersion shape is appro-

priate to describe the excited-state rotational energy level for this

thermodynamic condition. This work needs to be extended over a wider

rar4 e of widths as t function of temperature and density.
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(2) 02 Schuman:-Runge System ,Rotational Line Shapes

The 02 S-R system is considerably more troublesome since seven

or more vibrationai bands make intensity contributions of comparable

magnitude in any narrow frequency range - some with lines of high J-values

and some with low J-values. Errors in rotational line frequencies and

the failure to include the asymmetrical spin-splitting in the present

SAMMA program for 02 S-R make it practically impossible to find a general

fit with the experimental intensity rvelope for any selected frequency

bandpass.

Figure 14 shows a comparison of the calculated intensity envelope

using the present SACKA program (dotted curve) with the experimental

intensity envelope (solid curve) for the optically-thin, reflected-shock

condition of 8400K and one-third normal density in pure 02 for the fre-

quency range of 29,390 cm to 29,450 cm- Absolute emissivity as cal-

culated by the SACHA code for the o2 (S-R) lines using a 6 cm-1 width

is piotted on the vertical axis. Normalization of the experimental in-

tensity enw.lope to the SACHA curve was made for the peak of the seemingly

isilated line "clanip" labelled (0,14) R 27, P 23. Notice that the SACHA

.alctlation (dotted curve) predicts another line clump in the middle of

the freqviency range which fai.ed to materialize in the experimental data

(solid curve).

The bar graph under the two curves shows the SACHA-calculated integrated

intensity as a function of frequency position for each rotational line

listed in the SACHA frequency atlas for this bandpass. Plotted on the

scale below the graph are the frequency positions for the strong (0,14),

(0,23) and (2,15) transitions taken from the atlas of Lochte-Holtgreven-

Dieke (Ref. P7) from an emission study of the 02 S-R spectrum from which atlas

identification of the experimental curve was determined. Comparison of

these line frequencies with those on the bar graph for the same lines
-i

shows gross discrepancies of 6 cm and more in frequency position as

calculated by the SAHA codes versus the published data, which can possibly

account for the misplaced SACHA clump in the middle of the bandpass. The

shift in the peak position of about 1 cm of the line clump labelled (0,14)
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R (27) P (23) is attributabl.. to the fact that the SACHA code does not

include spin splitting of the lines into three asymmetrically placed line
components as discussed previously.

In spite of the poor overall fit of the intensity envelopes in this

bandpass, Fig. 14, a peak-to-minimni analysis similar to that for the N2
+

3914 R (0,0) band head has been made for the seemingly isolated line clump

labelled (0,14) R (27) P(23). Notice that the SAGHA calculation includes

a (6,16) line of about equal intensity to the P and R components of the

(0,14) system and displaced to shrter frequency by an amount equal to the

separation of the P and R componeuts (about 1 cm l). The experimental

SAMIA peak to minimum analysis for this clump yielded a preliminary
-1width of 6 cm for each line corresponding to an 02-0 collision diameter

of 9 R or a cross section of 2 x 1 cm2 . This width was used
in the SACHA calculation of the intensity envelope shown in Fig. 14,

(dotted curve). In spite of the apparent fit for this width, the

validity of such a ecaparison is questionable. It is not clear that the

(6,16) line in this clump, for example, has either an intensity of this

magnitude or that it appears at this frequency position in the experimental

data. And, of course if it did, the SACA calculation has not included

spin splitting into 3 lines for each P and R component, which, if we could

isolate a single split P component, for example, and compute its profile,

we would observe an asymetric profile with a hump on the long frequency

side correspondirn to the unperturbed level, and a peak displaced about

1.25 cm corresponding to the other two split components which lie

relatively close together.

What is planned for this complicated system is $t _set up on a piecemeal

basis a revised frequency atlas using published frequencies of the

stronger (v' ,v") transitions and then comparc the calculated and experi-

mental envelopes to discover what other important lines appear in the
bandpass in the high-temperature, high 3-value shock data. Since there

is no published frequency data on the (6,16) transition we plan to omit it

from our first calculations. Somehow, we have to make the calculated

clump in the middle of the frequency bandpass, Fig. 14, disappear, whether
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it be by revision of the Franck Condon factors vlv.) and/or by successive

revisions of the wavelength frequency atlas. This needs to be done for

several selected bandpasses which include seemingly isolated clumps of
rotational lines amenable to the rotational line shape study. Then spin

splitting will be included and peak-to-minimum analyses made to inves-

tigate line shapes of individual components.

(3) N2 Second Positive System, Rotational Line Shapes
Two bandpasses in the band head region of the strong 3371 R (oo)

and 3159 R (1,0) transitions have been under study. The SACRA code in-
cludes the A-doubling type splitting of the rotational levels for these

band systems. However, gross errors in line frequency positions must be

corrected before line shape studies can proceed.

These vibrational band systems are strong relative to others contributing
line intensity in the vicinity of the band origins and therefore should

lend themselves rather nicely to the line shape study.

c. Discussion of Line Shape Studies

In the previous discussion we have outlined the efforts from which

we hope to determine the widths and shapes of rotational lines emitted by

the 02) the N2 and the N2
+ in collision with molecules and under the in-

fluence of other constituents, both molecules and atoms existing in the

high-temperature equilibrium gas samples. In general we have been able

to study gas samples which are optically thin in the centers of the rota-

tional lines and for which gas samples we can be reasonably assured of

attaining equilibrium conditions in reflected shock gas samples. The

widths of the rotational lines are determined by the frequency of colli-

sions of the radiative molecule with other molecules and atoms in the

gas sample. This makes interpretation of the derived widths in terms of

a molecule-atom or a molecule-molecule cross section a complex problem

unless it is possible to show that the chance for the molecule to collide

with an atom is at least 50 times greater than its chance to collide with

another molecule. The high-temperature emission studies of 02(S-R) lines,

Sec. 5b(2) were made for conditions for which the dissociation of molecular
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species under study was essentially complete (>9%) and for which the

molecule-atom collision cross sections can be derived from the line widths

without resorting to assumptions as to the ratio of the molecule-molecule

cross section to the molecule-atom cross section. The value of

2 x 10"14 cm2 obtained for the 02 - 0 collision cross section for the

02(S-R) line width of 6 cm-
1 at 3h00 R for the condition of 84000K and

0.33 Po in oxygen is subject to change when the problems of rotational

line frequency position and of Franck-Condon factors qv' ,v" have been

resolved; however, this value of 2 x 10 cm2 undoubtedly represents an

upper limit for the 02 - 0 optical collision cross section. When we have

derived the molecule-atom cross section from these line width studies, we

will then be able to determine the molecule-molecule collision cross

sections by line width investigations for conditions with smaller degrees

of dissociation for which both types of collisions contribute to the

broadening of the rotational levels.

This simple kinetic theory reasoning applies very nicely to the

0 (S-R) line studies and possibly to the N2(2+) line studies. However,
2% +

in the case of the N2+(1-) system it is not possible to record these bands

in emission except for conditions of high atom-ion and electron densities

(N' > 1016 cm 3 ), and of course for high degrees of N2 dissociation. The

molecular ion N2
+ is always a minor constituent in the gas samples and,

although its rotational lines lend themselves most easily to line shape

studies, interpretation of the widths in terms of simple kinetic collision

cross sections is probably not valid. Interpretation of the line width

of 1.9 cm-1 obtained for the N2+(1-) 3914 R (0,0) for the condition of

95000K and 0.124 po in nitrogen (Fig. 12), from the peak-to-minimum analysis

in terms of a collision cross section is not possible at this time.

Stark-broadening of the levels due to the microfields of the surrounding

ions and electrons .,ill undoubtedly be an important broadening mechanism.
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6. ROGW 0OTIU MESURM4DV2S IN THE MOLECULAAR RPiME

a. Spectroscopic Background

In the range of reflected shock conditions above 90000K and about one-

eighth p in pure nitrogen where a visible emission continuum is observed

simultaneously with the N2 (2+) and the N2
+ (1-) band systems, three pro-

cesses and possibly four can contribute to the spectral continuum in-

tensity. The relative contributions of these processes vary in a com-

plicated manner as the temperature and particle densities change. The

possible contributors are

(1) N+ + e 4- N + hy, free-bound,

(2) N + e N+ + e' + , free-free,

(3) N + e<-* N - e0 +hv, free-free, and

(4) N + e <-> N_ + hv, free-bound processes.

The purpose of the absolute intensity measurements reported here is to

extract from the total the intensity due to the first process of ion-electron

recombination and to compute the recombination cross section. From detailed

balancing arguments the photoelectric cross sections for excited states of

atomic nitrogen may be obtained.

The procedure used here is to compute the spectral intensity of the

free-free radiation (2) of the electron in the field of the positive ion from

Karzas and Latter's cross sections (Ref. 18); to assume the free-free radiation for

the electron in the field of the neutral atom to be negligible; and to check

on the experimental N" photodetachment cross sections of Boldt (Ref. 12). The in-

tensity remlaining was used to obtain the photoelectric cross sections for

process (1). Thus the accuracy of the resultant cross sections dejends on

the accuracy of the subtracted components as well as on the assumption that

the calculated Hugoniot equilibrium concentrations of the various species

are actually achieved in the measured intensity plateaus of 5 to 20 Psec

duration. For the reflected shock conditions of interest overshoots have
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been observed in the N2 ( -) radiation signals followed by plateaus which

we think is the equilibrium sLgnal (Ref. 4). It is these

equilibrium plateaus which are reported here.

The transmissi-on at a given wavelength X of a gas sample of pathlength x

0 (3)

where Ix is the incident intensity at wavelength X, IX the transwitted

intensity, and N the total absorption coefficient per cm. For local

thermodynamic equilibrium, Kirchoff' s Law holds, and the gaseous emissivity

is

x "x em
total - e = (T)d ()

where I is the emission intensity at wavelength X and R (T )dX is blackbody
em 5

intensity at wavelength X for the reflected shock temperature T For

KXa < 0.15, j t =t L Ir is the quantity measured for selectedtotal -- €total " eyn

wavelengths between 312 ) A and 6080 R. The total enissivity is computedx i

for each wavelength, and then corrected for self-absorption if e tota i

greater than 0.15.

Thus
N (corrcted lYx
ett (correc=ted) I CN(PE) + Off(+) + £N(PD+ ff(neutral)"

The purpose of the coi.tinuum intensity measurements is to obtain the spectral

em!.sslvity for the nitrogen photoelectric process eN(PE) for a range of

temperature between 9,000 and 12,000°K,

The frequency distribution of intensity from which we will compute

xf+ due tc, the free-free energy transitions of the electron in the 
field

~ff(+)
of the positive ion versus frequency as given by Karzas and Latter 

(Ref 18) is

d V 25~e6 2N N. (2!Lk 1/2 u 4uUr 2 > rs\6
(I > dv - e ion 3m due crgSm 3 6)
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where

kT'k-

and R is the Hydberg constant in cm"I  for the ion,

T is in degrees Kelvin, and e and m are the charge and mass of the electron

and Z the charge on the ion, 1 in our case. g(u, r2 )> is a temperature

averaged Gaunt factor for the electron in a Coulomb field, which is equal

to 1.22 and essentially constant fo.: the temperature and wavelength range

investigated hare. Mie classical rate of bremsstrahlung production by Kramers

(Ref. 28 has been increased by L>-e average Gaunt factors which have been

obtained as functions of temperature for a Bolt7mann distribution of

electron energies over a wide range of photon energies. Only a small por-

tion of this range of photon energies is under investigation here, namely,

about 2 eV to 4 eV.

It is assumed that the emissivity contribution of the free-free

transitions of the electron in the field of the neutral atom eff(neutral)

is negligible, and after subtracting the e for free-free transitions

in the field of the positive ion the remaining spectral emissivity will be

interpreted as due to a combination of the recombination and the photo-

detachment processes. Boldt obtained values of N photodetachment cross

sections for the energy range of 2 eV to 3 eV varying smoothly from

0.82 x l016 cm2 to 1.15 x 10"16 cm2 , using an electron affinity of 1.1 eV

to compute the equilibrium concentration of N'. He also used Kramer's (Ref. 28) cal-

culations for the free-free radiation of the electron in the field of the

positive ion whereas here the larger cross sections of Karzas and Latter

are used.
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where 2

kT'

and is the ydberg constant in cm" ' for the ion,

T is in degrees Kelvin, and e and m are the charge and mass of the electron

and Z the charge on the ion, 1 in our case. (g(UPT 2> is a temperature

averaged Gaunt factor for the electron in a Coulomb field, which is equal

to 1.22 and essentially constant for the temperature and wavelength range

investigated here. The classical rate of bremsstrahlung production by Kramers

(Ref. 28 has been increased by these average Gaunt factors which have been

obtained as functions of temperature for a Boltzmann di'stribution of

electron energies over a wide range of photon energies. Only a small por-

tion of this range of photon energies is under investigation here, namely,

about 2 eV to 4 eV.

it is assumed that the emissivity contribution of the free-free

transitions of the electron in the field of the neutral atom cff(neitral)

is negligible, and after subtracting the eff(+) for free-free transitions

in the field of the positive ion the remaining spectral emissivity will be

interpreted as due to a combination of the recombination and the photo-

detachment processes. Boldt obtained values of N" photodetachment cross

sections for the energy range of 2 eV to 3 eV varying smoothly from

0.82 x 10 16 cm2 to 1.15 x 10-16 cm2 , using an electron affinity of 1.1 eV

to compute the equilibrium concentration of N". He also used Kramer's (Ref. 28 cal-

culations for the free-free radiation of the electron in the field of the

positive ion whereas here the larger cross sections of Larzas and Latter

are used.
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b. BACHA Calculations of Average.Buissivity Due to Molecular Lines

The molecular band systems of N2 (2+) (2500 - 3800 1) and N+(1-)

(3400 - 5300 1) and possibly the N2(I+) (5000 - 1 j) radiate simul-

taneously along with the nitrogen continuum processes Just discussed. Both

line and continuum processes contribute to the radiation signals from the

photomultipliers for the nine narrvw wavelength band passes listed in

Table 1, Section 2, covering the wavelength range from 3371 1 to 6080 .
In order to ascertain the magnitude of the spectral continuum intensity

for these Photomultiplier bandpasses the SAHA code has bien used to com-

pute the average emissivity due to the lines only for each wavelength-

bandpass. Subtraction of the calculated, average line emissivity from the

measured total emissivity yields the continuum emissivity. In general

the accuracy of the SACHA calculations of the average of the emissivity..

due to the lines only in a given bandpass varies directly with the accuracy

of the f-values used in the SACMA program, Table 1, Section 2, for the

three nitrogen band systems making contributions. These absolute intensity

measurements of line-plus-continuum radiation for known equilibrium shock

conditions serve as a check on the validity of these f-values. The wave-

length bandpasses were set up for both on and off the band heads of the

N2(2+) 3371 1 (0,0) and the N2 (1-) 3914 1 (0,0) band systems for the pur-

pose of determining the total line-plus-continuum radiation and of checking

simultaneously on the validity of the input f-values.

The results of these calculations for the nine wavelength bandpasses,

Table 2, Section 3,c, are shown in graph of Fig 15 which is a plot of the

sum of only the line emissivities per 7.3 cm pathlength from all three

molecular band systems, i.e. N2(2+), N2 +(1-) and N2(l+), as a function of

reflected shock temperatures T5 for a starting downstream pressure of 1 mm of

pure nitrogen in the shock tube. The separate emissivity contributions of

these three band systems are listed in Table 4 along with the reflected-

shock concentrations of N2 and N2 appropriate to the various temperatwres

*T 5 . It should be mentioned here that the f-value for the N2(1+) band

system of 0.02 used by the SACHA code in this calculation is reputedly

too high and a better f-number is about 0.003 which revision is borne out

* Private Communication with W. Wurster.
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Fig. 15 Sa a Ce.tions of the Average Speetral Wtssivity Thie to
Molecular Lines for Nine Wavelength Bandpazoeo Versuo Reflected-

Sh~ckc Temperature T5 for p, - 1 m N2
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TABLE 4

SACHA aALCUIATIONS OF AVERAGE SP ITRAL DUFMiaTY PIa 7.3 CH

PATHLENGTH WE TO MOLEMULAX BAND VEM RELECTD-SHOOK
TPMATME FOR pl,6 I N2

Wavelength +
Bandpos Temp. N2(1+) N2(2+) w. (1-)

O. _ 773c' i 3 rCM /7. 3cm

6,000 0 6.,14 4  4.28-5 6.56- 4

7,000 o 4-o'-3  5. .e "

3362.4 to 6,000 0 1.79 2.40- 3  2.o32

9,000 0 3.02-  5..6 3 59 -2

-2 32
j.1,000 0 1.99 8.23-  2.812
i 1,000 0 8.45- 6.15-  6.0 3

6,o0o 0 6.39- 5 L1,0o 4  1.65- 4

7,000 0 7.23"4  1.02 -3  1.74-3

3414.7 to 8,000 0 3.27-3  4.76- 3  8.03- 3

.3428.1 9,000 0 6.62" 3  1.o6"2

.11,000 0 59 - 3  1.4- 2  1.99-2

1-,000 0 2.16 4  1.o4- 2  1.262
6i1,00 03.6 1e1

,o0o3.56 "' 1.41- 3  1.45 "3

7,ooo 0 4 3  9 -
11000 0 4d.05~ 8.54 .9'

3898.8 to 8,000 o 1.84- 3  2.70.2 2.89 "-

3922.2 9,000 0 3.75- 3 4.45- 2 4.83- 2

11,000 0 3.19- 3  3.97- 2 "4.292

14,000 0 1.25 3  1.99- 2 2.12.2

6,000 0 2.04 - 5  3.93- 5 5.96-5

7,000 0 3.2 - 4m-4  6.52-

4005.8 -to 8,000 0 1.09 3  2.0o5 3  3.15-3

1016.9 9,000 0 2.28-3  4.81"3 7"09 "3

,000 0 2.03 - 3  7. o8 - 3  9.10- 3

14,000 0 8.30 "  5.69-3  6.593 3

*Exponents indicate powers of ten.
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TABLE 4 (Con't)

WaveleTetp. N2(1+) N2(2+) N2+(1)
OK /7.3cm 'E/7.3=m r/7.3cm

6,ooo 0 0 8.026 8.o26

7,000 0 0 7.98 "5  7.98- '

4710.5 to 8,000 0 0 3.96 4  3.96-4

4T21.8 9,000 0 0 9.58 4  9.58 4

11,000 0 0 1.51 "3  1.51-3

14,000 0 0 1.31-3  1.31 3

6,ooo o 0 1.8484

7,000 0 0 1.71-4  1.71 "4

4997.o to 8,000 0 0 7.% 4 7.54-4

5017.0 9,000 0 0 1.62- 3  1.62- 3

11,000 0 0 2.093 2.09-3

l0000 0 0 1.49' 3  1.49- 3

6,0o0 7.78' 0 3.98-  7.82-4

7,00 6.81-3 0 5.18 5  6,86-3

5309.4 to 8,000 2.522 02.94 4  2.55 2

5323.3 9,000 4.34'2 0 7.62-4 4.41-2

1i,000 2.932 0 1. 28 3  3. o52

14, CO 1 9.02 3  0 1.14- 3  1. 022

6,000 1.26- 3  0 2.09- 7  1.26 -3

7,00 1.17-2 0 3.80 6 117-2

56550.o to 8,000 4. 5o2 0 2.68-5  4.5o-2

5675.0 9,000 7.95'2 C 8.18 "5  7.96- 2

11,000 5.66-2 0 .73-4 5.68- 2

14,000 1.84-2 0 1.91 4  1.86 2
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TABLE 4. (Con't)

Wavelength +

B&ovdpaSs Temp. N2(1+) No(2+) 212+(/7
... .O 7.3cm ,.',3cm T/7.3cm ,, .3cm

6,ooo 3.16'4  0 1.0o- 7  3.16 4

7,000 3.14-3  0 2.26-6  3.14-3

6069. to 3;ooo 1.282 0 1-77-5  1.28-2

6097.0 9,000 2.36-2 0 5.90 2.37" -

1100o 1.75-2 0 1. 43"  1.762

1I,000 5.8 0 I.i "  6.03 3

qualitativaly by our measurements to be discussed in the next section. This

would effectively reduce the emissivities listed in Table 4 for the N2(1+)

lines by a factor of 0.15 for the wavelength bandpasses for which these

band systems are important radiators, i.e., 5300 R, 5665 1, and 6080 .

Since our measured total emissivities for these wavelengths for this range

of temperatures are not ase large in general as those calculated by the

j SAM{ code; Fig. 15 and Table 3, we have tken the liberty of reducing the

N2(l+) average spectral line emissivitibo to 15 percent of those listed -

Table 4. It is these reduced values which 'ie have subtracted from our

total measured emissivities for these wavelengths.

Figure 16' shows the Rankine-Hugoniot calculations of the equilibrium

particle den#Aties behind the reflected shock plotted as a ftuction of both

reflected shock temperature T5 and reciprocal 
incident shock velocity U s.1

in ncroseconds per ft for the starting downstreun pressure of p1 W I= N2.

The vertical li.e at 12,000°K indicates roughly the upper limit for the

range of refleced-hock conditions under investigation in the nitrogen

line-plus-contlnuum intensity measurements, as well in the rotational line
shape -t-tdie" for the 1 "2 % --) the - '.
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Measurumernts of the e and electrort densities actually achieved in

the reflected shocks were 5mde using the time-resolved profiles of H

as rtcorded by the Gaertner drum spectrograph, Fig. 4. The theory of

Griem-Kolb-Shen (Ref. 29) was used to interpret the p 'ine widths in

terms of ion density. One percent diluent of hydrogen was added to

the nitrogen by having Matheson Company prepare the N2 plus 1 percent

H2 mixture in large cylinders. The temperatures T inferred from the

measured ion densities agreed to within 250 K° in l0,00°K with those

determir.ed from the measured reciprocal incident shock velocities U S
" ,

Fig. 16, Previous ion density measurements (Ref. 4) on 20 shots for

this range of shock conditions elhowed that the calculated equilibrium

ion densities, Fig. 16, were actually achievwd in the reflected shock

gas samples, and, fmthermore., that ionization equilibrium across tbe

reflected shock front was achieved within the time resolution of the

spectrograph of about 3 microseconds.

These results are of importance in the interpretation of the nitrogen

continuum intensities reported here, since the product of the N+ and e

densities has been used to compute the free-free continuum intensity

for the electron in the field of the positive ion (Karzas and Latter

theory, Ref. 18) and the nitrogen recombination cross sections deduced

from the continuum measurements also depend on the product of the ion

and electron densities.
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c. Experimental Measurements of Nitrogen Line-Plus-Continuum Radiation

The wavelengths of the first four photomultiplier bandpasses listed

in Table 2 were chosen so that on-band-off-band technique of absolute

intensity measurements could be applied to the N2(2+) 3371 R (0,0) band

head and to the N2 +(1 - ) 3914 R (0,0) band head in order to compare the relative

contributions of these two systems for the same thermodynamic conditions,

as well as to check on the validity of the f-values for these two systems

presently used in the SACHA code, Table 1. The wavelengths of the other

five bandpasses cover the range from 4700 R to 6000 R where the N2(l+)

bands are expected by the SACHA calculations, Table 4 and 7ig. 15,to make

contributions of comparable magnitude to the N. (1-) bands. Our main

objective in this experiwent is to determine the shape and magnitude of

the spectral continuum intensity underlying these extensive rotational-

vibrational band systems. Our plan was to subtract the SACHA calculations

of the average line contributions for a given shock condition from the

measured total intensity to determine the continuum intensity. The nitro-

gen continuum processes aforementioned are expected to be on the threshold

of making significant contributions to the spectral radiation at around

9000 K and above for t',d reflected shocks in pure nitrogen for p1 
= 1 mm

starting pressure shown in Fig. 16. The reflected shock density is

approximately constant at 0.124 po for the temperature range from 90000

to 12,000°K, Fig. 16. Of particular interest is the fact that the SACHA

calculations of average line emissivity, Fig. 15, show a temperature-

insensitive emissivity plateau for each bandpass beginning at around

10,0000 K. We have used this plateau to advantage in an extensive set of

measurements of the N2+ 3914 1 (0,0) band intensity (Refs. 3 
and 4) and

are continuing here to exploit it for simultaneous intensity measurements

of all three molecular band systems of nitrogen. N2 is dissociating very

rapidly in this temperature region, Fig. 16, but the increasing temperature

maintains the excited state populations at a more or less constant level.

Figure 17 shows the measured absolute brightnesses X in ergs sec "I cm 2

ster -1 (10 )-I for a 7.3 cm pathlength for eight shots into 1 mm N2

downstream for the on-band-off-band wavelengths of 3371 (") and 3425 R (@),
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Fig. 17 Absolute Intensity measurements of Nitrogen Line-Plus-continuum
Radiation versus T5 for Wavelength Bandpasses 3371 A, 3425 A,
3914 A, and 4016 A
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slasbed curves, and of 3914 ((4) and 4016 (i), solid curves. These

brightnesses are the total measured line-plus-continuumn brightnesses for

these thermodynamic conditions in pure nitrogen, Fig. 16. Notice that

a plateau is formed by the data at around lO,00°K in all four bandpasses

which in general would indicate that the line contribution is dominating

the structure of the emission, since the continuum intensity should in-

Lrease monotonically with temperature. It should also be noted that the

N2 +(1-) (0,0) radiation at 3914 R exceeds that for the N 2(2+) (0,0) band

at 3371 R for these shock conditions.

Figure 18 shows the measured total brightnesses per 7.3 cm pathlength

for the five wavelength bandpasses in the N2(1+) radiating region. The

curves are drawn as best fit curves to the experimental points. The

important things to note about this array of experimental points are that

no bandpass exhibits an outstandingly large intensity compared to the

others, the magnitudes of the curves decrease with increasing wavelength,

plateaus are also formed, and that these intensities are in general

considerably lower than those for the N2+(1
- ) and N2(2+) bandpasses,

Fig. 17.

A look at the spectral emissivities for individual shots as derived

from these data will point up these relations in magnitudes of the various

band systems. Figure 19 shows the total measured emissivity per 7.3 cm

pathlength for shot 477 for 95000 K and 0.125 p0 in nitrogen for which

condition the continuum radiation is expected to be very small. The average

emissivities predicted by the SACHA calculations for this condition taken

from Fig. 15 are indicated by an "S" to the right of each SACHA point.

The experimental on-band-off-band data for the N2 (2+) 3371 R (0.0) band

are roughly one third that predicted by the SACHA code using the f-value

of 0,07. If we follow our usual experimental practice of subtracting the

off-band from the on-band emissivity for both the SACIA points and the

data points in this case, the ratio of the experimental 
remainder to the

SACHA rentainder is indicative of a correction factor to the 
N2(2+) f-value

of 0.07 presently used in the SACHA code. This correction factor for the

N2(2+) for this shot is 2 j 9 or 0.22.
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Fig. 18 Absolute Intensity Measurements of Nitrogen Line-Plus-Continuum
Radiation versus T5 for Five Wavelength Randpasses between 4715 A
and 6050 A
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In the case of the N2 +(l-) system,Fig. 19, the magnitudes of the

experimental emissivities for the on-band and for the off-band measure-
ments exceed those predicted by the SACHA calculations for the rotational
line contributions from all band systems for these two wavelengths (3914

and 4016 R). However, the correction factor to the N2+(l-) f-value of
0.0348 (Ref. 13) obtained by differencing is 0.80, which is within the

error flag of the experirmental data.

Similar comparisons for the N2(1+) bandpasses, Fig. 19, are somewhat

confused because the general trend with wavelength of the experimental

data points does not resemble that predicted by the SACHA calculations using

the f-value of 0.02 for the N2(l+) transition. It is clear, however, that

the f-value of 0.02 for this transition is too high since it predicts

emissivities at 5330 R and 5665 1 greater than those for the N2+(l-)
systems and this prediction is not borne out in general by the experimental
data points, Fig. 19. At 4715 R and 5000 1, the reverse is true, i.e.,
the measured total emissivities exceed by a large factor the SAHA points,

which could be due to an unwarranted cut off in vibrational transitions

(V' ,v"), possibly in the SACHA code. The question of what band system

or combination of band systems is contributing to form the experimental

profile in this region, Fig. 19, remains unanswered. We tried to select

the 4715 k and 5000 bandpasses so that the wings of the Stark-broadened

profile of IV (4861 ) would not contribute in these bandpasses, and,
indeed, we feel that the HP contributions to the intensities in this case

are small because the ion density is relatively low (Nion = 3.5 x 1016 cm 3 )

in this case and the H profile more "peaked." It is possible that the

AV 3 sequence of the N2 (1-) system, i.e., the 5228 1 (0,3), 5149
(1,4), 5077 R (2,5) systems of N2

+ are instrumental in filling in the shape

under the experimental data points. We have been able to record this

sequence on the time-resolved Gaertner drum spectra as well as the stronger

Av = 2 and Av = 1 sequences, beginning with the 4709 R (0,2) and the
familiar 4278 (0,1) systems, respectively. If this is the case the

Franck-Condon factors q(v',v1) for these N2 +(1-)(v,,v,,) systems (Ref. 24)
may be in error. It is pertinent to point out that we have not recorded
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the N2(1+) systems in this 5000 X to 6700 9 range with either the time
resolved Gaertner spectrograph or with the high resolution Meinel.

Whereas we have said that the N2+ (1-) Av = 3 sequence, 5232 R to

shorter wavelengths, has been observed.

In view of these arguments we have selected the experimental and

SACHA points at 5665 X, Fig. 19, to obtain leverage on the N2 (I+)
f-value. For this shot a correction factor of 0.2 to the N2(l+) f-value

of 0.02 is indicated, i.e., the N2(l+) f-value obtained from this

analysis is 0.04 for this set of data.

The lower graph in Fig. 20 shows the measured spectral emissivities

for the reflected-shock condition in pure N. of 10,5009K and 0.124 Po

for which condition the continuum radiation is expected to contribute.

Our original thinking based on measured intensities (Ref. 3) was to the

effect that the continuum radiation was making the major contribution

to the emission in the 4730 1 to 5500 I range for this condition. in

view of the just previous discussion it may very well be that the N2+(l-)

radiation dominates the emission for this condition which point ii, also

borne out by the plateau temperature dependence shown in the experimental

intensity data, Fig. 18. The experimental data points in Fig. 20 are the

average of the numbers for tvo shots, shots 468 and 470. For these shots

the ion density of 8.0 x 1016 cm"3 as determined by the analysis of the

time-resolved Stark-broadened HO profile indicated shock temperatures of

l0,6500 K for both shots as compared to temperature of l0,5000 K determined

from the measured shock velocities for both these shots. With this re-

markable agreement in temperature as determined from two cifferent techniques

and in view of the fact that the ion density of 8.0 x 1016 cm"3 was actually

measured by a very sensitive technique (Ref. 29), the experimental

emissivities plotted in Fig. 20 represent our best effort to determine the

line-plus-continuum radiation for this condition, regardless of how we may

try in the following discussion to separate the line and the continuum

contributions.
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Emissivity Attributed to the Nitrogen Continuum Processes
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The magnitudes of the SAOHA average-line contributions are indicate,

by the bar graphs in Fig. 20 etenin; from the experimental points (M)
downward. We have taken the liberty of reducing the SAOHA N,2(1+) emis-

sivities by a factor of 0.2. The free-free contribution eff(+) of the

electron in the field of the positive ion (Ref. 18) is plotted on the

curve near the abscissa. The difference in emissivity between this lower

eff(+) curve and the bottom of the 8ACHA bar graphs supposedly represents

the magnitudes of the spectral continuum radiation. These differences

are shown in Fig. 20 in the upper plot. The skeleton cuve was put in to

indicate the shape of the nitrogen recombination cross section since
X= oW(pE)[N] (7.3 cn The general shape of this curve is reasonable for

such a process since an increasing number of excited states contribute

to the radiation going to lower photon energies or longer wavelengths.

Using these emissivities, upper curve Fig. 20, we have computed the

nitrogen recombination cross sections for each wavelength for 0,50C0K,

and these vary in magnitude with the emissivity (upper curve Fig. 20)

from the absolute values of 2.6 x 10-22 cm2 to 6.2 x 10-22 cm2 between

33711 and 6050

The N" photodetachment cross sections determined by Boldt (Ref. 12)
would predict emissivities for the shock conditions of Fig. 20 of 0.12

at 4300 1 to 0.08 at 6100 R. It is clear that we do not find emissivities

of this magnitude in our data, upper and lower curves, Fig. 20. If all

the emissivity in the upper curve Fig. 20 were used to compute an N photo-

detachment cross section our values would be 2.5 x 10"1 7 cm2 at 4300 1 and

5.8 x 10 "1 7 c=2 at 6100,9, which compare with Boldt s values of 1.14 x 10- 162

cm at 4300 and 0.83 x 10-16 cm2 at 6100 1. Both sets of data employed an

electron affinity of 1.1 dV for atomic nitrogen. We have assumed no contri-

bution from the N" photodetachment process in our reported values of the N

recombination cross sections for 105000 K of 2.6 x 10-22 cm2 to 6.2 x 10"2

cm2 for the visible region.
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d. Discussion of Nitrogen unes-Plus-Continuum.Meaurements

The average of the correction factors to the N2 (2+) and the N2 +(1-)

f-values presently used by the SAUHA code ,Table I ,as obtained from
our on-band, off-band intensity measurements for eight shots are 0.6

for the N2(2+) transition and 1.34 for the N2 (1-) transition. Our

9values for the f-values, then, are 0.O4,2 for the N2(2+)and 0.040 for

the N. (1-) system. Reduction of the f-value of 0.02 for the N2 (1+)

transition to 0.003 gave a more reasonable shape to the spectral

emissivity for the nitrogen photoelectric process for 10,5000K and

0.124 po' and this lower value predicted line intensities more in keeping

with our measured intensity for lower temperatures. There seems to be

some doubt raised by these SACHA experimental comparisons as to the

general shape of either the N2 (i-) intensity envelope or the N2(I+)

* intensity envelope in the wavelength region of 4700 1 to 5700 .

The nitrogen continuum ra0ition begins to make appreciable contribution

* for the temperature range of 9C04).K to 1I,000°K and one-eighth normal

density, with the nitrogen recombincttlon process being the main contributor.

The N- photodetachment cross sections of ;%I0 1 6 cm2 reported by Boldt

predict much larger intensities in the visible region than we have found

in our inrtensity measurements of lines plus all continuua, leaving it

still an open question as to whether the nege.tive nitrogen ion is actually

formed.
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7. AMIIP TS TO OBSM TU 0 PHOTO" =. rC EWS

The eleetron affinity of atomic oxygen is 1.46 eV as determined by

Branscomib, et al. (Ref. 30), and represents the energy difference of the ground

state of 0- below the ground atate ( 3p) of 0. This in effect makes the
ID2 and 1S0 states of atomic oxygen at energies bove the 0 ground

state of 3.43 eV ant 5.64 WY, respectively, corresponding to the wave-

lengths of 3600 R and 2200 R. At these wavelengths or photon energies

one might reasonably expect to see photoelectric edges for 0" due to the

photon detachment of an electron from 0 via one of these states or from

the inverse process, i.e., the attachment of an electron of zero energy

to the oxygen atom into the ID or IS states and the eminsion of a photon of

either 3.43 eV or 5.4 eV energy.

All efforts to observe these 0 photoelectric edges in the equilibrium

radiation from shock-heated oxygen have met with little or no success in

the past (Refs. 3 and 4). In the range of conditions vfere the 0 photo-

detachment process should be the dominant continuum process, between 70000 K

and 9000°K at about one-third normal density, the 02(S-R) discrete emission

spectrum has dominated the spectra in the wavelength region of the pre-

dicted edges.

a. Addition of LiO Into Shocks in Oxygen

In view of this we have tried to enhance the continuum due to 0 by

adding small amounts of Li 2 0 into shocks with p1 x 3 mm 02. It was hoped

that the low ionization energy (5.4 eV) of atomic lithium, Li, would pro-

vide at lower temperatures sufficient electrons for 0 attachment processes

such that it would be possible to observe an intensity variation under the

02 (S-R) lines at around 3600 R which we could attribute to the 0- photo-

detachment process.

Accordingly, Li 20 in amounts varying from 1 mg to 0.05 mg ground

into paper were hung in the shock tube 6 inches from the reflector plate,

and shock waves initiated into starting pressures downstream of p1 
= 3 mm

0^. No discontinuous variation in the intensity envelope under the observed

o2 (S-R) spectrum was observed nor was there any observed change in the
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slope from what had normally been seen in shocks u p, re 02. It is

reasonably clear from the observed Stark-broadened Lii lnes at 4958

and 4603 R that the Li 20 molecules did indeed break np and form Li atoms

and ions in sufficient quantities to enhance the 0, -)ntinuum intensity.

However, we found ourselves at a loss without a lengt .r development, of

diagnostic techniques to ascribe a temperature to the reflected shock

gas samples. From black body intensity considerations ' is possible

that for the temperature range which we estimated to be ).om 6000°K

to 90000 K, that a change in slope, had it been observed, ;)uld be due

to a shift in the wavelength of peak black body intensity, rather

than due to an edge of the 0" photodetachment continuum. Hence, any

results we might have gotten would have been inconclusive as regards 0-.

b. Determination of 0- Continuum Intensity from Experimental-SACHA

Analysis of 2 S-R Line Shapes

A technique has been developed for the detection and determination

of the absolute magnitude for the spectral continuum intensity under-

lying a blanket of rotational lines. We have applied it to oxygen shock

spectra for the condition of 84000K and 0.33 Po discussed previously in

connection with the 02(S-R) rotational line shape study. For this con-

dition a continuum underlying the o2 (S-R) rotational lines attributal te

to the 0- photodetachment process has been ascertained and an absolutt

emissivity of 0.032 at, 3400 k for the 0- continuum determined from tht

analysis of the shape of the clump of lines at this wavelength Sec. 5c,

Fig. 14. This emissivity is more than twice the value of 0.013 predicted

by Branscomb' s cross sections for the avelength region of 4000 9 to 5000

for this shock condition. These results are indicative of a photoelectric

edge in Obetween hO.00 R and 3400 K. Even though our findings are of a

preliminary nature in view of the uncertainties in frequency positions of

the 02 (S-R) lines (8e. 5d), the technique warrants discussion in that

by its extension to the study of lines at other wavelengths it will be

possible to actually map out the shape of the spectral continuum.
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The determination of the absolute emissivity of the continuum required

1.. following things: SACHA calculation of the absolute emissivity of the

Ote !'.ed :otational intensity envelope for the lines only, and an experi-.

me ntcL relative intensity envelope for lines plus continuum determined

fron photometry of a portion a the Meinel shock spectrum. For the 84000 K

,xygen condition in point, normalization of the experimental relative

inte.is Ety envelope to the SACHA envelope for the peak of the clump of

lines at 3400 R labeled (0,14) R 27 P 23, Fig. 14, gave the initial

results shown in Fig. 21. The fact that the experimental envelope did

not come close to fitting the SACHA envelope but was in general considerably

higher in the valleys, is indicative of the presence of an underlying

continuum in the experimental data. The amount of the experimental curve

which has to be subtracted in order to obtain a peak-to-minimum fit with

the SACIIA line structure can be converted to an absolute emissivity for

the continuum at this wavelength, since we know the absolute excursion

in emissivity for the SACHA line structure. Once this amount has been

subtracted from the experimental relative intensity points the experimental

curve is then normalized a second time to the SACHA curve with the results

shown in Fig. 14. The general fit in the structure of the SACHA line

clump (dotted curve) labeled (0,14) R (27) P (23) with the experimental

shape (solid curve) lends added weight to the validity of such a technique

in the determination of the 0- continuum emissivity of 0.032 under this

line grouping. The accuracy of the absolute magnitude of this emissivity

is dependent on the validity of f-value of 0.0348 (Ref. 6) for the 02 (S-R)

transition and on the line width and frequency positions used in the SACHA

calculations.

The relation of this value of the 0- continuum emissivity to the

spectral emissivity predicted by Branscomb's 0- photodetachment cross

sections for this shock condition is shown in Fig. 22. The solid portion

of the curve extending from 8400 R (1.46 eV) to 4500 R shows the extent

in energy of Branscomb' s work and the remaining dotted portion shows the

prediction of the discontinuous increase in the 0- cross section at

3600 R and 2400 R due respectively to the 1D and Sstates of atomic oxygen.
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The value of 0.032 obtained from the line shape analysis (X) is shown

at 3400 R, and the experimentally measured absolute intensities at 3890 R,
3947 R), 4368 R and 4500 R from photomultiplier measurements of absolute

intensity for this shot are shown also (0). None of the experimental

points exceeds 0.023 and a portion of the measured average emissivities

must of necessity be due to 02 (S-R) lines, which when subtracted would

bring the total measured points for continuum contribution only closer

to the Branscomb curve. Thus we have the first quantitative observation

of an 0- continuum for high-temperature shock-heated oxygen, which con-

firms Branscorb's cross sections for the 0- photodetachme.t process as

well as gives evidence of an 0- photoelectric edge (1D) between 3900

and 340

I
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